Sequential learning is an important aspect of cognitive processing. Neuropharmacological evidence acquired in laboratory animals suggests that striatal dopaminergic mechanisms may be important for processing of this form of learning. However, because experiments conducted on dopamine deficient patients have reported contradictory evidence, the role of dopamine and the striatum remains unclear in human sequential learning. We used a newly developed dynamic molecular imaging technique to determine whether striatal dopamine is released during performance of a sequential learning task. In this study we localized striatal regions where dopamine receptor ligand ( 11 C-raclopride) was displaced from receptor sites, during performance of a motor sequence learning (serial reaction time) task. The results suggest that the task induces release of endogenous dopamine in the posterior two-third of dorsomedial aspect of left putamen and the anterior part of the body of caudate bilaterally. The activations of the left putamen and the right caudate coincided with the activations observed earlier during performance of a motor planning task. Since these activations are associated with the selection and execution of a response, the activation in the left caudate, which was not observed in motor planning, is probably associated with the detection of a change in the 'context', and in the formulation of a new 'rule'. Thus, the results suggest that sequential learning involves two striatal dopaminergic mechanisms, one for the detection of a change in context, and the other for selection and execution of the response.
Sequential learning is an important aspect of cognitive processing. Neuropharmacological evidence acquired in laboratory animals suggests that striatal dopaminergic mechanisms may be important for processing of this form of learning. However, because experiments conducted on dopamine deficient patients have reported contradictory evidence, the role of dopamine and the striatum remains unclear in human sequential learning. We used a newly developed dynamic molecular imaging technique to determine whether striatal dopamine is released during performance of a sequential learning task. In this study we localized striatal regions where dopamine receptor ligand ( 11 C-raclopride) was displaced from receptor sites, during performance of a motor sequence learning (serial reaction time) task. The results suggest that the task induces release of endogenous dopamine in the posterior two-third of dorsomedial aspect of left putamen and the anterior part of the body of caudate bilaterally. The activations of the left putamen and the right caudate coincided with the activations observed earlier during performance of a motor planning task. Since these activations are associated with the selection and execution of a response, the activation in the left caudate, which was not observed in motor planning, is probably associated with the detection of a change in the 'context', and in the formulation of a new 'rule'. Thus, the results suggest that sequential learning involves two striatal dopaminergic mechanisms, one for the detection of a change in context, and the other for selection and execution of the response. © 2007 Elsevier Inc. All rights reserved.
Sequential learning is involved in the processing of a variety of cognitive functions including linguistic expression, semantic sequencing, working memory, and procedural memory (Lashley, 1951; Tinaz et al., 2006) . The evidence suggests that this form of learning involves dopaminergic neurotransmission. It has been shown that patients with altered dopamine neurotransmission perform poorly in tasks that involve learning of sequences (Jackson et al., 1995; Carbon et al., 2004) , and animals lose the ability to learn sequential tasks following lesions of dopaminergic neurons (Aosaki et al., 1994a; Matsumoto et al., 1999) . In addition, neuroimaging studies (fMRI and PET rCBF experiments) have found increased activation of the dopamine-rich striatum, during performance of sequential learning tasks (Hazeltine et al., 1997; Rauch et al., 1997; Peigneux et al., 2000; Daselaar et al., 2003) . However, because neurons that are involved in dopaminedependent mnemonic processing (tonically active neurons) comprise only 5% of the striatal neuronal population (Aosaki et al., 1994b; Aosaki et al., 1995) , it is not known whether the activation observed in these experiments are due to dopaminergic or nondopaminergic activity (for review see Packard and Knowlton, 2002) . Indeed, a number of investigators have suggested that dopamine may not be involved in the processing of human sequential learning (Brooks, 1995; Honda et al., 1998; Van Der Graaf et al., 2004; Ashe et al., 2006) . This suggestion is supported by the findings of a set of neuroimaging experiments that have not found any change in striatal activation during task performance (Brooks, 1995; Honda et al., 1998; Van Der Graaf et al., 2004; Ashe et al., 2006) . Furthermore, at least one series of study-patients with focal lesions in the basal ganglia performed normally in a sequential learning task (Exner et al., 2002) . Even though these observations are not in agreement with the findings of a majority of neuroimaging (Hazeltine et al., 1997; Rauch et al., 1997; Peigneux et al., 2000; Daselaar et al., 2003) and lesion (Jackson et al., 1995; Carbon et al., 2004) studies, these reports have led investigators to argue that the striatal activations observed in neuroimaging experiments were due to regional cerebral blood flow (rCBF) changes triggered by the activities of a complex ensemble of excitatory and inhibitory neurons in the striatum (e.g., Honda et al., 1998) . Because of contradictory findings and opinions, the role of dopamine and the striatum in the processing of human sequential learning remains unclear. The lack of consensus has precluded formulation of an acceptable neural model of human sequential learning. There is therefore a need to investigate striatal and dopaminergic involvement using a method that is not dependent on rCBF changes, and that can provide relatively direct evidence of the involvement of dopamine and striatum in sequential learning.
This evidence can be acquired using a molecular imaging technique, which is widely used to characterize receptor population either in a disease state (Farde et al., 1988; Seeman et al., 1989) or after pharmacological intervention (Laruelle et al., 1995; Kapur et al., 2000; Volkow et al., 2001) . In recent years, investigators have conducted experiments to examine the ability of molecular imaging techniques to detect neurotransmitters released following a behavioral or pharmacological challenge (Dewey et al., 1993; Koepp et al., 1998; Pappata et al., 2002; Martinez et al., 2003) . In these experiments receptor binding of the ligand, measured during a control (resting) scan is compared with that measured during a second scan session performed after the challenge. Because the ligand is competitively displaced from receptor sites by endogenously released dopamine, a decrease in ligand binding in the second scan indicates that the challenge induced release of dopamine. However, the requirement of two separate scans, is not ideal for detection of changes during processing of a specific aspect of human cognition because the variation in baseline dopaminergic activity during the two scan sessions cannot be accounted for. Since two-scan approach significantly limits the sensitivity and reliability (Alpert et al., 2003; Badgaiyan et al., 2003b) , changes in dopaminergic activity induced by a specific aspect of cognition can be detected reliably only if the changes are detected in a single scan session.
We have recently described a molecular imaging method for detection of task-induced changes in neurotransmission using data acquired in a single scan (Alpert et al., 2003; Badgaiyan et al., 2003b) . Using this method, we have detected endogenously released dopamine during performance of a number of behavioral and cognitive tasks (Alpert et al., 2003; Badgaiyan et al., 2003a Badgaiyan et al., ,b, 2004 Badgaiyan et al., , 2005 Badgaiyan et al., , 2006a Badgaiyan et al., ,b, 2007a Fischman et al., 2006) . Other investigators have also found that the method is sensitive and reliable (Christian et al., 2006) . In these experiments, a tracer dose of a radioligand was administered intravenously, and the task was initiated after the ligand occupied dopamine receptors. Since dopamine competitively displaces the ligand from receptor sites, a decrease in the ligand concentration during task performance indicated task-induced release of endogenous dopamine. This method was used in the present study to examine dopamine transmission during processing of a sequential learning task. The study includes two experiments. The first experiment used a serial reaction time (SRT) task to elicit sequential learning (Nissen and Bullemer, 1987) . The second experiment was a control (no activation) experiment, which was designed to examine possible biases in data acquisition and analyses techniques.
Materials and methods
The experiments were conducted on right-handed young healthy volunteers who had no history of a psychiatric or neurological disorder.
SRT experiment
Eight right-handed volunteers of either sex (mean age 24.5 years; male 3) participated in this experiment. Handedness was tested using a modified Edinburgh handedness inventory (Oldfield, 1971) . The task consisted of a control and a test condition. In the control, four boxes (2.5 cm × 2.5 cm) were presented on a computer monitor, and an asterisk appeared in one of the boxes randomly every 1250 ms, for 800 ms. Subjects were asked to press a key that corresponded to the location of marked box, as quickly and as accurately as possible. In the test condition stimuli were presented in a 12-element ambiguous sequence in which no component could be uniquely predicted by its predecessor sequence. Further, the sequence had the following constraints: equal frequency of each position, no direct repetitions, and no runs (e.g., 1234). The sequence used was 2-3-1-4-3-2-4-1-3-4-2-1. Stimulus exposure and frequency of presentation were the same in the control and test conditions. Each control and test block was administered for 2 min and 15 s. A 15-s rest was allowed after each block. There were 10 control and 4 test blocks in the experiment. To ensure that the task elicited implicit learning, we used a long sequence consisting of 12 elements. Further, a two-tier debriefing procedure was used to evaluate implicit nature of the task. First a Likert's scale (Likert, 1932 ) was used to screen for awareness of the sequential nature of the stimuli. Thereafter, subjects showing awareness were asked to recall the sequence. If a subject failed to recall N 25% of elements, the task was considered implicit. The control condition lasted for 25 min and the test was administered for 10 min immediately after the control. Volunteers were not aware of the switch between the control and test. Response time and the accuracy of response were recorded in each trial.
Control experiment
In another group of young healthy volunteers of either sex (n = 10; mean age = 22.73; males = 5), a control experiment was conducted to ensure that the data in the SRT task were not generated by a false positive bias in the data acquisition and/or analyses methods. In the control experiment, after intravenous injection of the ligand 11 C-raclopride, volunteers were asked to lie on the scanner bed and stay still. They were not required to perform any task. The concentration of ligand was monitored dynamically using the acquisition protocol described in the SRT experiment. The demographics of volunteers, data analyses, and experimental procedures (except those related to the SRT paradigm) used in the control and SRT experiments were similar.
Scan protocol
After the volunteers were placed on the scanner bed in supine position, their heads were restrained using an inflatable pillow (Vaclok, CIVCO Medical Solutions, Orange City, IA). We used a neuroshield (Scanwell Systems, Montreal, Canada) to reduce detection of scattered photons from the body. A single intravenous bolus of 10-15 mCi (mean specific activity 983 ± 129 mCi/μmol) of a specific dopamine receptor ligand 11 C-raclopride was administered intravenously in the left anticubital vein over a period of 60 s. The control condition of the task (in the SRT experiment), and the PET camera were started immediately after the injection. The PET data were acquired using an ECAT EXACT HR + tomograph (operating in 3-D mode) in 30 s frames during the first five min and in 60 s frames thereafter.
Data analyses
The PET images were reconstructed as 128 × 128 × 63 element volumes using a standard three-dimensional filtered back projection algorithm with corrections for photon attenuation, random coincidences, scatter, and dead time. To minimize residual effects of head movements, images were registered to align each frame to a common orientation, using the following procedure: First, all frames were smoothed with a 5 mm FWHM Gaussian filter, then the variation in spatiotemporal distribution was corrected by registration of temporally adjacent frames, and finally, using a transformation matrix all frames were aligned to a reference frame (the frame acquired at 25 min). A voxel-wise analysis of the data was carried out on each subject using a kinetic model (discussed below) designed to detect transient changes in ligand displacement. Using this model, quantitative maps of the kinetic parameters were generated for each volunteer. These data were then pooled to generate cohort mean. This involved elastic registration of the sum of the image data of each subject, to a standard template, using the statistical parametric mapping software (SPM99; Wellcome Department of Imaging Neuroscience, London). The transformation parameters were then applied to the parametric images to pool data across volunteers. A voxel-wise t-map was computed to localize voxels where increased rate of ligand displacement was observed after the task initiation (test condition). Finally, time-activity curves were drawn for the voxels showing maximum ligand displacement. The cerebellum was used as a reference region (because of paucity of dopamine receptors in this region), and a time-activity curve for this region was drawn to estimate the clearance rate of free and nonspecifically bound ligand.
The model
A detailed description of the modified kinetic model used to analyze PET data can be found in our earlier publication (Alpert et al., 2003) . This model is basically a modified version of the simplified reference region model (SRRM), which accounts for time dependent changes in the ligand concentration (Friston et al., 1997) . There was a need to modify the SRRM model because it assumes a steady physiological state throughout the experiment. This assumption is not compatible with the design of the current experiment, which includes two conditions: a control and a test. The modified model assumes that steady state was not maintained. To eliminate the assumption of steady state we allowed the dissociation rate of ligand to change in response to an altered synaptic level of neurotransmitter. This was done by introducing a term γ · exp(− τ(t − T)) • ν(t − T) in the dissociation parameter of the SRRM. In the modified model, γ represents the amplitude of ligand displacement, τ accounts for initial burst release of dopamine, t denotes the measurement time, T is the time of change in transmitter level, and ν is the unit step function. Using the least squares fitting procedure on a voxel-by-voxel basis receptor binding parameters and γ are estimated. The null hypothesis assumes that the task did not elicit dopamine release and there was no change in the rate of ligand displacement (i.e., γ = 0). This hypothesis was tested in each subject and the values for 'γ' were pooled across subjects to acquire a cohort mean and variance. The null hypothesis was rejected at the p = 0.05 level. Additionally, we estimated the parameters that describe ligand transport and binding, and the time dependent effects elicited by the task. The solution of the differential equations describing the model for the instantaneous concentration history of the ligand has the following form:
ÀsðuÀTÞ PETðuÞdu where C R is the concentration of radioligand in a region devoid of specific binding (reference), PET is the concentration of radioligand in a voxel with specific binding, R is the ratio of transport rates for the binding and reference regions, k 2 describes the clearance of nonspecifically bound tracer from the voxel, and k 2a includes information about dissociation from the receptor.
Results

SRT experiment
In this experiment response accuracy during the control (98.6%) and test (99.2%) conditions was high and statistically similar. The response time however, was significantly quicker (p b 0.01) in the test (310 ± 26 ms) condition, in comparison with the control (405 ± 94 ms). Quicker response in the test suggested that the volunteers had learned the motor sequence (Fig. 1) . Further, implicit nature of the task was confirmed by debriefing questionnaires. Six of the eight volunteers were not aware that the stimuli were presented in a sequence in the test condition. Two volunteers who were aware of the sequential nature, failed to explicitly recall more than 25% consecutive elements. The task is generally considered implicit if the explicit recall is b50% of consecutive elements (Rauch et al., 1997) .
Analyses of the PET data indicated significant decrease in the ligand concentration in several striatal areas after the stimulus presentation was changed from random to sequential (test condition). The decrease in concentration indicated increased rate of ligand displacement from dopamine receptor sites, induced by endogenously released dopamine. To localize the brain areas where the rate of ligand displacement increased significantly, we constructed voxel-wise t-maps using the pooled (Fig. 2) , and individual (Fig. 3) data. The maps show significant task-related displacement in the anterior part of the body of caudate bilaterally (peak t = right 3.25; left 3.42), and in a longitudinal band that spanned posterior two-third of the dorsomedial aspect of left putamen (peak t = 3.65).
To ensure that the increased rate of ligand displacement was due to receptor-ligand interaction and not because of globally increased clearance of the free and nonspecifically bound ligand, 
Fig. 2. SRT experiment (cohort):
The figure shows t-maps indicating group difference in the rate of ligand displacement before and after task initiation. It suggests that the rate increased significantly (t N 3.0) after the task initiation in the anterior part of the body of the caudate bilaterally, and in the dorsolateral aspect of posterior two-third of the left putamen. we dynamically measured the ligand concentration in a brain region (reference region) that has low density of dopamine receptors (cerebellum). We did not find a significant change in the rate of clearance in this region at any time during the experiment (Figs. 2 and 3 ). This measurement indicated that the changes observed in the striatal areas were due to displacement of the ligand induced by endogenously released dopamine. Further, because the changes were observed in the contrast between the control and test condition, which differed only in the absence (control) or presence (test) of learning related changes, it appears that the changes were induced by the processing associated with sequential learning.
Control experiment
In a separate group of volunteers we conducted a control (no activation) experiment to ensure that the changes observed during sequential learning were not introduced by possible biases in data acquisition and/or analysis. Thus, the acquisition and analysis methods used in this control experiment were exactly same as those used in the SRT experiment. In the control experiment subjects did not perform any task, therefore no additional dopamine release was anticipated. We predicted that there would not be a change in the rate of ligand displacement. As expected, we did not find significant change in any part of the brain (Fig. 4) . Further, we pooled the PET data of all subjects and constructed a t-map that compared the rate of ligand displacement at different time points. The map did not show significant change in the rate of displacement at any time point in any part of the brain. Absence of a significant change in this experiment confirmed that the changes observed in the SRT experiment were induced by the task, and not by the biases in methods used for data acquisition and analysis.
There is however, a possibility that changes in the rate of ligand displacement observed in the SRT task could be due to nonspecific factors such as, fatigue or general increments in performance. Nonetheless, these factors are not likely to change the rate at a specific time after the task initiation in all volunteers, particularly because the control experiment indicated that the rate remains unchanged for the duration of experiment, if dopamine is not released. Moreover, because the rate of ligand displacement changed almost at the same time when the response time began to change (Fig. 1) , it appears that the increased rate of ligand displacement was associated with learning related activity.
Further, to ensure that the changes observed in the SRT experiment were not due to changes in the regional cerebral blood flow (rCBF), we conducted a series of simulation studies (Alpert et al., 2003) . These studies have indicated that task-induced changes in the rCBF should have no significant effect in this experiment. Based on the previous studies, the SRT task is expected to cause a 2-4% increase of the striatal blood flow (Jueptner et al., 1997) . The simulation shows that even a 20% increase will not have a significant effect on the parameters that were used to measure ligand displacement.
Discussion
To our knowledge, this is the first study that has demonstrated endogenous release of striatal dopamine during processing of a learning task. Further, by localizing areas of dopaminergic activity, the experiment provides a novel insight into the striatal and dopaminergic processing of human sequential learning. The finding that dopamine was released in the caudate and left putamen is consistent with the observation of neuroimaging experiments that have reported increased striatal activity during performance of sequential learning tasks (Rauch et al., 1997; Daselaar et al., 2003) .
The task-induced release of dopamine in the antero-posterior band that spanned posterior two-third of the dorsomedial aspect of left putamen, suggests that the 'hand area' of the striatum was activated during task performance (Gerardin et al., 2004) . This band receives motor signals from a number of cortical areas including the supplementary motor area (SMA), pre-SMA, premotor area (PMA) and the primary motor and sensory cortices (Alexander et al., 1986) . In the human striatum, dorsoposterior and posterior putamen (where maximum activation was observed) receive input mostly from the SMA and PMA (Leh et al., 2006) . Because of the connectivity with motor areas, it is not surprising Fig. 4 . Control experiment: The time-activity curves drawn from the left posterior putamen and left anterior caudate (same regions from where curves were drawn in Fig. 3 ) in the control experiment in which subjects did not make any response. There was no significant change in the rate of ligand displacement in this experiment either in the striatal (upper curves) or in the reference region (lower curves).
that in an earlier experiment we found increased dopamine release along the same band during performance of a motor planning task (Badgaiyan et al., 2003b) . In this task, each finger was assigned a number and volunteers were required to tap fingers that corresponded to numerical cues displayed on a computer monitor.
It is interesting that the cortical areas (SMA and PMA) that send signals to the maximally activated part of the putamen (dorsoposterior) are associated with motor learning. Learning related changes in the firing pattern have been recorded from these areas in animals (Brasted and Wise, 2004) , and in human volunteers volume of the SMA correlates with performance in the SRT task (Exner et al., 2002) . It therefore appears that dopaminergic connectivity between the dorsoposterior putamen, and the SMA and PMA, is associated with the processing of motor sequential learning. This conclusion is in agreement with the findings of an earlier molecular imaging study in which it was observed that the learning related activations of the PMA and VLPFC and the occupancy of striatal dopamine transporter are positively correlated during performance of a sequential motor learning task (Carbon et al., 2004) . Further, it appears that the involvement of striatal dopamine extends beyond motor learning because the activated band of putamen also receives input from the ventrolateral prefrontal cortex (VLPFC), which has previously been implicated in the processing of both, motor (Ungerleider et al., 2002) and nonmotor (Wolf et al., 2006) memory.
In addition to the left putamen, anterior part of the body of the caudate was also activated during sequential learning. Interestingly, this part of the caudate receives input from some of the same cortical areas (e.g., primary motor cortex and VLPFC) from where the activated part of putamen receives inputs (Alexander et al., 1986) . These inputs further suggest that dopaminergic control of sequential learning involves the frontostriatal pathways that originate in the PMA and VLPFC. Additional indication of the involvement of these areas comes from neuroimaging studies that have reported increased activity in the VLPFC and PMA during sequential processing (Ungerleider et al., 2002) .
A comparison of the present results with those obtained during performance of a motor planning task (Badgaiyan et al., 2003b) reveals an overlap of activated areas in the left putamen and right caudate. Activation in the left caudate however was observed only during sequential learning. This comparison may help us understand how dopaminergic mechanisms process sequential motor learning. It appears that the overlapping activations are associated with the selection and execution of a learned motor response. In both tasks (motor planning and sequential learning) subjects were required to select the finger that was consistent with the instruction (rule), and to make a movement of the selected finger. In this context, the VLPFC appears to play an important role because of its connectivity with both striatal areas (the right caudate and left putamen), where overlapping activities were observed. Further, it has been shown that an important function of the VLPFC is to select a response that is most relevant under a set of rules (Donohue et al., 2005) . The activation in these striatal areas therefore, represents the processing associated with the response selection and execution, which was required in both, motor planning and sequential learning task.
In addition to response selection and execution, the sequential learning task required additional processing associated with learning of the sequence and formulation of a new 'rule' based on the learned sequence. Since the left caudate was the only additional activation observed in sequential learning (but not in motor planning), it appears that dopamine release in this area was associated with the processing associated with learning and rule formulation.
It has been suggested that the basal ganglia have the capacity of detecting changes in sensory environment or stimulus characteristics (context). These changes are relayed to the cortical structures, which are responsible for making necessary behavioral modifications that are consistent with the altered context (White, 1997) . The significance of this communication in learning tasks is suggested by the finding that the learning related changes in neuronal firing occurs in cortical and striatal areas at roughly the same rate, and that these changes match the behavioral rates of sequential learning. In the early phase of sequential learning, changes occur significantly earlier in the striatum (caudate) than in the cortex (Pasupathy and Miller, 2005) . Since in the current experiment only the early phase of sequential learning was studied, it appears that the right caudate activity was associated with this learning related activity. Animal experiments indicate that these changes are dopamine dependent. Because of this dependence, the degree of impairment in sequential motor learning tasks correlate with the degree of striatal dopamine depletion (Waelti et al., 2001 ). Release of striatal dopamine within minutes of the change from random to sequential presentation indicates that dopaminergic mechanisms are involved in the process that allows the striatum to detect a change in the context. This detection occurs before the volunteers are consciously aware of the change and it probably is the first step in the process of learning.
In the present experiment, when stimulus presentation was changed from random to sequential, there was a need to detect the change in 'context', and formulate a rule to facilitate response execution. It appears that dopaminergic activation of the left caudate represents the striatal activity associated with this processing, because the activation was observed in the sequential learning task in which the context changed, but not in motor planning task, which did not involve a change in the context. It has been suggested that once the representation of new context is created, the basal ganglia 'trains' the frontal cortex to execute new rules that are consistent with the changed context (White, 1997) . Since both, the contralateral caudate and VLPFC are associated with the brain mechanisms that are responsible for altering responses following a change in the context (Donohue et al., 2005) , it seems plausible that the connectivity between the two structures is associated with the 'training' function of the basal ganglia. Further, because sequential processing involves activation of the striatal areas that are associated with motor planning (left putamen and right caudate), it appears that the learning of sequences involves modification of activities of the brain mechanisms involved in the planning of motor movements. This modification may be critical for establishment of sequential learning, and for facilitation of response execution. It therefore appears that the left putamen and right caudate constitute the final common dopaminergic pathway, which is responsible for response execution. It is however not clear from this experiment whether the laterality of activated striatal regions is dependent on the laterality of fingers involved in sequential learning.
Thus, the results demonstrate that the striatal dopamine system is critical for motor sequential learning, and suggest that this form of learning involves two distinct dopaminergic mechanisms. The first mechanism is mediated by the left caudate and is responsible for detection of a change in the 'context'. The second mechanism involves the left putamen and right caudate and it facilitates response execution by modifying the network that is responsible for planning of motor movements.
